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Abstract

IL-2 plays a critical role in the maintenance of CD4+CD25+ FOXP3+ regulatory T cells
(Treg) in vivo. We examined the effects of IL-2 signaling in human Treg. In vitro, IL-2
selectively upregulated the expression of FOXP3 in purified CD4+CD25+ T cells but not
in CD4+CD25- cdlls. This regulation involved the binding of STAT3 and STAT5
proteins to a highly conserved STAT binding site located in the first intron of the FOXP3
gene. We also examined the effects of low-dose IL-2 treatment in 12 patients with
metastatic cancer and 9 patients with chronic myelogenous leukemia after allogeneic
hematopoietic stem cell trangplantation. Overall IL-2 treatment resulted in a 1.9 median
fold increase in the frequency of CD4+CD25+ cells in peripheral blood as well as a 9.7
median fold increase in FOXP3 expression in CD3+ T cells. CD56+CD3- NK cells also
expanded during IL-2 therapy but did not express FOXP3. In vitro treatment of NK cells
with 5-aza-2'-deoxycytidine restored the IL-2 signaling pathway leading to FOXP3
expression, suggesting that this gene was constitutively repressed by DNA methylation in
these cells. Our findings support the clinical evaluation of low-dose IL-2 to selectively

modulate CD4+CD25+ Treg and increase expression of FOXP3 in vivo.



I ntroduction

Although IL-2 plays an important role in the development and expansion of effector T
cells, recent studies have demonstrated that IL-2 is also critical for the establishment and
maintenance of immune tolerance 2. Since autoimmunity is the primary immunologic
abnormality in IL-2 deficient mice, it has been proposed that the negative regulatory
effects of 1L-2 are the predominant functional effects of this cytokine in vivo **. The
principal mechanism whereby IL-2 promotes immune tolerance appears to be through its
role in the generation and maintenance of CD4+CD25+ regulatory T cells (Treg). In
particular, experiments in animal models have demonstrated that IL-2 controls Treg
homeostasis in blood and peripheral lymphoid tissues > Recent clinical studies in
patients with HIV and cancer have shown that treatment with recombinant IL-2 can
induce the expansion of Treg in peripheral blood ™. Some of these studies were
performed in young adult patients with sarcoma who were lymphopenic due to previous
chemotherapy **. Treg expansion following IL-2 administration was more pronounced in
lymphopenic patients, suggesting that homeostatic peripheral expansion also contributed

to the proliferation of Treg cellsin vivo.

Even though IL-2 is essential for Treg development, the cellular pathways whereby IL-2
influences the proliferation and function of these cells have not been well defined. Treg
constitutively express CD25, the o subunit of the trimeric receptor for IL-2. Treg
therefore express the complete high affinity IL-2Roffy complex and can presumably

respond to physiologically low concentrations of IL-2 in vivo. IL-2R signaling is



primarily mediated through activation of JAK1 and JAK3 with subsequent
phosphorylation and activation of STAT3 and STATS5 **. These activated transcription
factors trandocate to the nucleus where they initiate a complex series of transcriptional
events leading to many of the functional effects of I1L-2 stimulation. IL-2R triggering also
leads to activation of other signaling pathways including mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3-kinase (PI3K) and these pathways also contribute to
the varied functional effects of IL-2 on immune cells. Within Treg however, previous
studies have shown that IL-2 primarily induces JAK/STAT signaling rather than PI3K
signaling and this may explain some of the different functional effects of IL-2 on Treg

and effector T cells 14*°,

Recent studies defining the mechanisms whereby Treg cells mediate immune suppressive
functions have demonstrated that FOXP3 plays a critical role in the regulatory functions
of CD4+CD25+ T cells in humans as well as in animal models %, These studies
include the demonstration that specific mutations of FOXP3 result in severe functional
deficiencies of Treg in mice and humans *?!. Moreover, forced expression of FOXP3
appears to result in acquisition of immune suppressive functions ***%, FOXP3 gene
expression also appears to be highly restricted to CD4+CD25+ Treg and has therefore
become a very useful marker for the specific detection and enumeration of Treg as well

as a surrogate marker for assessment of functional immune suppressive activity.

In the present studies, we show that IL-2 signaling directly targets the FOXP3 gene in

CD4+CD25+ Treg. This pathway involves the binding of STAT3 and STATS5 proteins to



a highly conserved tandem STAT-binding site located in the first intron of the FOXP3
gene. Consistent with this observation, prolonged administration of low-dose IL-2 to
hematopoietic stem cell recipients and cancer patients resulted in a substantial increasein
the expression of FOXP3 as well as increased frequencies of CD4+CD25+ Treg in
peripheral blood T cells. IL-2 infusions also resulted in expansion of CD3-CD56+ NK
cells but these cdlls did not express FOXP3. Taken together, these studies demonstrate
that FOXP3 gene expression can be directly activated through IL-2 signaling in
CD4+CD25+ Treg, but mechanisms for gene regulation can block these effects in other
immune cells. These selective effects of IL-2 in vivo suggest that various components of
the IL-2 signaling pathway can be used to directly modulate Treg proliferation and

function in vivo.



Patients and M ethods

Patients and samples

All patients included in this study were enrolled in clinical protocols approved by the
Dana-Farber Cancer Institute Investigational review board (IRB). Written informed
consent was obtained from each patient prior to sample collection. The clinical toxicities
associated with prolonged administration of low-dose IL-2 and effects of I1L-2 infusions
on peripheral blood NK cells have been described previously >%. Patient peripheral
blood mononuclear cells (PBMC) were isolated from blood samples by density gradient
centrifugation and cryopreserved in aliquots before being analyzed. Patient characteristics

including disease, age, IL-2 treatment dose and duration are summarized in Table 1.

Invitro cell culture and reagents

PBMC and purified primary cells were cultured in RPMI 1640 supplemented with 10%
heat inactivated human AB serum, 4 mM glutamine, 1 mM sodium pyruvate, 10 mM
Hepes and antibiotics. NKL cell line was cultured in the same medium supplemented
with 10% hest inactivated fetal calf serum instead of human serum. Recombinant human
IL-2 (AMGEN, Thousand Oaks, CA) was added to cultures at a concentration of 100

Units/ml unless otherwise stated.

Flow cytometry
PBMC were thawed and labeled with anti-CD4-PE (T4) and anti-CD25-FITC (IL-2R1)
or anti-CD56-PE (NKH1; Beckman Coulter, Fullerton, CA). Labeled cells were analyzed

using a Cytomics FC500 flow cytometer (Beckman Coulter). The frequency of each cell



subset was calculated based on the percentage of positive cells in the total lymphocyte
gate. For CD4+CD25+ cells, values were subsequently readjusted to represent percent of
these cells within the CD3+ lymphocyte population. For intra-cellular staining, cells were
first labeled with anti-CD4-PC5 (Coulter), fixed and permeabilized using a fix/perm kit
(eBioscience, San Diego, CA) according to the manufacturer’s instructions then labeled

with anti-FOXP3-PE mab (PCH101, eBioscience).

Cell sorting

PBMC from healthy donors were labeled with anti-CD4 FITC (T4) and anti-CD25-PE
(IL-2R1). CD4+CD25yigw and CD4+CD25- cells were then isolated using a BD
FACSAria cell sorting instrument. For NK cells and CD4+ T cell populations, PBMC
collected from healthy individuals or from patients during IL-2 treatment were labeled
with anti-CD4-FITC (T4), anti-CD56-PE N901 (NKH-1) and anti-CD3-PC5 (UCHT1)
from Beckman Coulter. NK cells were isolated based on a CD3-CD56+ phenotype.
CD3+CD4+ cell populations were also isolated and used as reference populations in
FOXP3 expression experiments. Sorted cell populations were confirmed to be over 95%

pure.

Quantitative PCR

Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA).
Complementary DNA was then prepared from an average of 500ng total RNA using the
superscriplll cDNA first strand synthesis kit (Invitrogen). Real time PCR was performed

on an ABI 7700 Sequence Detector (Applied Biosystems, Foster City, CA) platform,



using Tagman universal PCR Master Mix (Applied Biosystems) and the following
FOXP3 primer pair and probe: Forward 5 -GCCTCCTCTTCTTCCTTGAA-3'; Reverse
5 -GTGAGGCTGATCATGGCT-3'; Probe VIC-5'-
CCATCGCAGCTGCAGCTCTCAA-3-TAMRA. Each PCR reaction was performed in
triplicate with each of the FOXP3 primers at a final concentration of 0.3uM and the
probe at a final concentration of 0.1uM. PCR conditions were: 50°c for 2 min, 95°c for
10 min for one cycle followed by 50 cycles of 95°c for 30 seconds and 60°c for 30
seconds. Results were adjusted based on the amplification of TFRC (CD71, transferrin
receptor) as an endogenous control using a commercial kit (Applied Biosystems, Foster
City, CA) and subsequently linearly transformed. For patient samples, values were then
readjusted to represent the expression of FOXP3 in CD3+ cells using the phenotypic data

for the corresponding samples.

IL-2 induction of FOXP3 expression

Sorted CD4+CD25- or CD4+CD25™"%" cells were incubated at 5 X 10* to 3 X 10° cells/
well in round bottom 96-well microplates for 6 h in the presence of recombinant human
IL-2 at a concentration of 100 Unitsml unless otherwise stated. In some experiments,
wells had been coated overnight with anti-CD3 monoclonal antibody (OKT3) at a

concentration of 1ug/ml.

Western blot analysis of FOXP3 expression
10° CD4+CD25"9" and CD4+CD25- T cells incubated for 18h with or without 100 U/ml

of IL-2 were harvested, washed and lysed using RIPA buffer (Boston BioProducts,



Worcester, MA) supplemented with protease inhibitor. Cell lysates were subsequently
homogenized using QlAshredder™ Homogenizer columns (Qiagen, Vaencia, CA).
Soluble fractions were separated by SDS-PAGE and transferred to nitrocellulose
membrane. Membranes were saturated 1 hour at room temperature in TBST
supplemented with 5% non-fat dry milk and immunoblotted overnight at 4°C with anti-
FOXP3 monoclonal antibody (clone 236/E7, ABCAM, Cambridge, MA) or o-tubulin
(clone B-5-1-2, Sigma). Membranes were then washed, probed with HRP-conjugated
goat anti-mouse polyclonal antibodies (Zymed Laboratories, San Francisco, CA) and
revealed with enhanced chemiluminescence (ECL, Amersham Biosciences, Uppsala,

Sweden).

Isolation of FOXP3 STAT binding region.
We searched for conserved STAT binding motifs using the UCSC genome browser, May

2004 assembly (http://genome.ucsc.edu). FOXP3 genomic DNA was amplified from

human breast DNA (BioChain, Hayward, CA) using the following primers. 5'-
GGACGTCCCTTTCTGACTG-3 and 5-TCACCTACCACATCCACCAG-3.
Amplified DNA was cloned using the Zero Blunt TOPO cloning kit (Invitrogen,).
Mutagenesis was performed with a Stratagene QuikChange Site-Directed Mutagenesis
Kit using the following primers: For site P1, 5-
GGACGTCCCTTTCTGACTGGGTAACTCAGTAGCTGAATGGG-3, and 5-
CCCATTCAGCTACTGAGT TACCCAGTCAGAAAGGGACGTCC-3'; For siteP2, 5" -
CCACAGGTTTCGAACCGAGTACTGGCTGCCCTGTCC-3 5'-

GGACAGGGCAGCCAGTACTCGGTTCGAAACCTGTGG-3'. Bases changed are in



italics. These wild-type and mutated sequences were then amplified to add Xho | and
Hind " restriction sites  using the  following primers: 5-
CTCGAGCTCGAGGGACGTCCCTTTCTGACTGG-3', and 5-
AAGCTTAAGCTTTCACCTACCACATCCACCAG-3, and ligated into the pLuc-MCS

luciferase plasmid (Stratagene, La Jolla, CA).

Luciferase reporter gene assays

For reporter gene assays, 5 X 10* 293 cells were transfected with 1 ug firefly luciferase
vector (1 ug STAT5a 1*6 expression vector or STAT3C expression vector) and 0.1 ug
renilla luciferase vector (pRL-TK, Promega, Madison, WI) using Lipofectamine 2000
(Invitrogen). Twenty four hours after transfection, luciferase activity was assessed using
a Luminoskan Ascent (Labsystems, Helsinki, Finland) using a Dual-Luciferase Reporter
Assay Kit (Promega, Madison, WI) according to the manufacturer’s protocol. All firefly

luciferase activity was normalized to renilla luciferase.

Treatment with 5-aza-2’ -deoxycytidine

NKL cells or primary CD3-CD56+ NK cells isolated from healthy blood were cultured
for 2 days in complete medium supplemented with 100 U/ml IL-2 and 5-aza-2’-
deoxycytidine (Sigma) at afinal concentration of 1 uM or 10uM as indicated. Cells were
then thoroughly washed and incubated in the same medium with 5-aza-2’ -deoxycytidine
but without IL-2 for an additional 24h. IL-2 (100 U/ml) was added to half the cultures

and cells were incubated for 18h before being tested for the expression of FOXP3.
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Results

IL-2 up-regulates the expression of FOXP3 in CD4+CD25+ but not CD4+CD25- T cells.
We investigated the effect of IL-2 on the expression of FOXP3 in CD4+CD25+™'9" Treg
and CD4+CD25- T cells purified from healthy individuals. As illustrated in Figure 1A,
CD4+CD25+ cdls congtitutively express FOXP3 whereas CD4+CD25- cells do not.
Incubation with IL-2 for 6 hours substantially increased the level of expression of FOXP3
in CD4+CD25+ T cells but not CD4+CD25- cells. In most experiments, increased
FOXP3 expression was detectable as early as 2 h after incubation with IL-2 (data not
shown). Stimulation with anti-CD3 antibodies alone did not induce FOXP3 expression in
either CD4+CD25- or CD4+CD25+ cells but enhanced the effect of IL-2 on
CD4+CD25+ Treg. Western blot experiments using a monoclonal antibody specific for
FOXP3 confirmed these findings. As shown in Figure 1B, FOXP3 protein is readily
detectable in CD4+CD25+ cells but not in CD4+CD25- cells from the same individual.
Incubation with IL-2 for 18 h markedly increased the level of FOXP3 in CD4+CD25+
Treg but not in CD4+CD25- cells. Dose-response experiments revealed that the effect of
IL-2 on FOXP3 expression in Treg was detectable at concentrations as low as 0.1 U/ml,
which likely target the high affinity receptor for IL-2 (Figure 1C). In contradt,
CD4+CD25- cells did not respond to IL-2, even at concentrations up to 10,000 U/ml

(data not shown).
IL-2 induced activation of FOXP3 involves STAT3 and STAT5 proteins

IL-2 signaling results in the phosphorylation of STAT3 and STATS5 proteins that

subsequently translocate into the nucleus where they regulate transcription of various
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genes ?*. To determine whether IL-2 signaling directly induced expression of FOXP3, we
investigated whether STAT consensus binding sequences were located within the FOXP3
gene. Figure 2A depicts the proximal region of the FOXP3 gene located on the X
chromosome. The level of inter-species conservation for this DNA sequence is shown
below the exon/intron organization. As illustrated in this figure, exons are highly
conserved between different mammalian species including human, chimpanzee, mouse,
rat, and dog. Two other regions located within the first intron of FOXP3 showed the same
level of conservation as that found for exons, suggesting that these segments include
regulatory sequences. One of these 2 regions found between bases 48,873,406 and
48,873,819 of the X chromosome of the assembly of the UCSC genome browser,
contained 2 STAT consensus binding motifs defined as TTC(N3)GAA (shown in blue in

Figure 2A).

To confirm that this particular sequence had STAT dependent transcriptional activity, we
tested the ability of this region to regulate expression of a luciferase reporter gene. This
highly conserved region encompassing the 2 STAT responsive elements was amplified
by PCR from genomic DNA and inserted into a plasmid vector upstream from a
luciferase reporter gene. We also generated a mutated construct by disrupting the 2
putative STAT binding motifs using site-directed mutagenesis (shown in red in Figure
2A). When transfected into 293 cells, both wild-type and mutated constructs showed little
reporter activity (Figure 2B). In contrast, when the wild-type construct was co-transfected
with a constitutively activated form of STAT5, STAT5al*6 %, a prominent induction of

luciferase activity was observed. The signal was abrogated when the mutated version of
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the FOXP3 intronic region was used, indicating that the 2 STAT binding e ements were
required for this activity. Similarly, co-transfection of the wild-type FOXP3 intronic
element with a constitutively activated form of STAT3, STAT3C %, resulted in
substantial reporter gene activity. Again, the activity was abrogated when a reporter

construct with mutated STAT motifs was used.

Administration of low dose recombinant IL-2 induces the expansion of CD4+CD25+
FOXP3+ T cellsin vivo

Based on these in vitro findings, we next examined the influence of I1L-2 on Treg in vivo.
Twenty-one patients had previously received prolonged courses of low-dose recombinant
IL-2 (2 X 10° to 1.5 X 10° Unitsm?day for 3 months) for advanced solid tumors (N=12)
or following T-cell depleted allogeneic hematopoietic stem cell transplantation (HSCT)
for chronic myelocytic leukemia (N=9). The effects of IL-2 infusons on CD3+CD56- T
cells and CD3-CD56+ NK cells in these patients have been reported previously 2%, In
the present study, blood samples collected prior to IL-2 therapy and during treatment
were assessed for both phenotypic and molecular markers of Treg. Patient characteristics,
IL-2 doses, and length of treatment at the time of testing are summarized in Table 1. All
patients had received at least 4 weeks of daily IL-2 therapy at the time of analysis
although samples from patients with advanced solid tumors were collected later than
samples from HSCT patients (median sampling time in wks: 9.5 and 5 for solid tumor
patients and HSCT patients respectively; p=0.008). No other chemotherapy or immune

modulating therapy was administered during this period. As illustrated in Figure 3A,

daily IL-2 treatment resulted in increased frequencies of CD4+CD25+ T cells within the
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total CD3+ population. Increased frequency of CD4+CD25+ cells was noted in 9 of 12
patients with solid tumors (light gray histograms) and in 7 of 8 evaluable patients
following allogeneic HSCT (black histograms). Patients with advanced solid tumors had
greater increases than patients who received IL-2 following allogeneic HSCT (median
values 246.5 and 45 respectively; p=0.04). This likely reflects the longer duration of 1L-2
therapy in solid tumor patients at the time of blood sampling. On the whole, changes in
absolute counts of CD4+CD25+ cells were consistent with percent changes for most
patients (data not shown). In particular, BMT recipients who had lower baseline values
than solid tumor patients also showed lower increases following IL-2 therapy. Using
guantitative PCR, we also assessed the expression of FOXP3 in these samples. Resultsin
Figure 3B show a marked increase in FOXP3 expression levels following IL-2 therapy in
19 of 21 patients. The median percent increase in FOXP3 expression for all patients was
868, and 6 patients had over a 2000 percent (>20-fold) increase. The effect of IL-2 on
FOXP3 expression appeared similar between both groups of patients (solid tumor patient,
median=937; HSCT patients, median=868; p=0.8). Comparable results were obtained
when analyzing FOXP3 expression in total PBMC, i.e. not adjusted for percent CD3+
cells (data not shown). Additionally, we confirmed the effect of IL-2 on FOXP3
expression for a solid tumor patient (patient 9) and a BMT patient (patient 20) by intra-
cellular staining using a monoclonal antibody specific for FOXP3. A substantial increase
in FOXP3+ cells was observed in both cases. Moreover, FOXP3 staining appeared
brighter following IL-2 treatment, supporting our in vitro findings. Results for patient 9

are shown in Figure 3C.
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Effects of IL-2 on CD4+CD25+ cells and FOXP3 expression in vivo are transient

For 10 of the 21 patients included in this study we could analyze a later sample collected
4 to 10 months after I1L-2 treatment was terminated (Table 1). Patient 11 received an
additional 12 weeks of IL-2 therapy following the initial course of treatment. Figures 4A
and 4B illustrate the changes in Treg markers between samples collected during IL-2
treatment and at these later time points. These results indicate a decrease in both
CD4+CD25+ frequency and FOXP3 levels for most patients, demonstrating that the

effects of IL-2 on Treg in vivo were transient.

Low dose IL-2 therapy induces the expansion of CD3-CD56+ NK cells but does not
induce FOXP3 expression in NK cells.

Previous studies have demonstrated the expansion of CD3-CD56+ NK cells in vivo
following IL-2 therapy. We confirmed this effect in our patient cohort (Figure 5A). All
but one patient showed a substantial increase in percent CD56+ cells after 4 to 11 weeks
of IL-2 treatment. As shown above, IL-2 directly targets the FOXP3 gene through a
mechanism involving the binding of STAT proteins to regulatory elements located in the
first intron of the gene. We therefore investigated whether CD56+ NK cells expressed
FOXP3 in response to IL-2. CD3-CD56+ cells were purified by cdl sorting from 5
patient samples during IL-2 treatment. For all 5 patients, FOXP3 expression was virtually
undetectable in purified NK cells whereas high-level expression was detected in purified
CD3+CD4+ T cdls (figure 5B). In contrast to CD4+CD25+ Treg, these findings

demonstrate that 1L-2 does not induce FOXP3 expression in NK cellsin vivo.
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FOXP3 expression in NK cellsis repressed by DNA methylation

To explain the lack of FOXP3 expression in NK cells following IL-2 therapy, we
hypothesized that this gene might be regulated at a different level, possibly by DNA
methylation. To test this hypothesis, we subjected the human NK cell line NKL to 2
different doses of the demethylating agent 5-aza-2’-deoxycytidine for 3 days before
stimulating the cells with IL-2. As shown in Figure 6A, I1L-2 induced the expression of
FOXP3 in NKL cells treated with 1uM or 10uM 5-aza-2’-deoxycytidine. Similar data
were obtained using primary CD3-CD56+ NK cedlls purified from a healthy donor (Figure
6B). These data suggest that FOXP3 gene was repressed in NK cels by DNA

methylation.
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Discussion

Recent studies from many laboratories have demonstrated the critical role of IL-2 in the
biology of Treg and have begun to redefine the immunologic effects of IL-2 in vivo. For
example, mouse models have demonstrated that IL-2 is required for the generation of
Treg during antigen specific immune responses as well as the regulation and maintenance
of existing Treg pools in the periphery >2. Other investigations have shown that IL-2 is
aso involved in the suppressive function of these cells 2. However, despite this
growing body of data, the mechanism whereby IL-2 controls Treg homeostasis remains
unknown. It is still particularly unclear as to how IL-2 selectively regulates Treg in vivo
among other immune cells that also appear to respond to this cytokine in vitro. In our
studies we describe a direct pathway linking IL-2 signaling to the expression of the
FOXP3 gene through STAT proteins *. This signaling pathway was specific to
CD4+CD25+ Treg. In particular, IL-2 did not increase FOXP3 expression in
CD4+CD25- cells. CD4+CD25- cell unresponsiveness was not due to the lack of IL-2Ro
chain as IL-2 failed to induce FOXP3 expression in these cdlls after CD3 stimulation and
incubation with high concentrations of IL-2 that do not require the expression of high
affinity receptors. This differential responsiveness indicates a unique programming of
CD4+CD25+ Treg with respect to the IL-2 signaling pathway, leading to FOXP3

expression.

Investigating further, we identified a tandem consensus STAT binding motif located in

the first intron of the FOXP3 gene. Tandem STAT binding motifs are relatively common
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and may allow cooperative binding of STAT dimers. In addition, STAT binding sites
reside mostly in introns, with a preference for the first intron %. In that respect, the STAT
regulatory elements identified in the FOXP3 gene follow a conventional pattern. As
indicated by inter-species alignment, both sites have been conserved through evolution
with a degree of stringency comparable to that of coding regions of the gene. Such
conservation underscores the importance of these motifs as regulatory elements and
provides additional evidence for the role of STAT proteins in regulating FOXP3

expression.

Using a luciferase reporter assay we demonstrated that activated forms of STAT3 and
STATS5 proteins specificaly bind to the intronic regulatory elements we identified. The
importance of STAT proteinsin Treg differentiation was previously suggested by studies
done in mice deficient for both STAT5a and STATSb. These mice show a reduction in
the number of CD4'CD25" T cells *!. Another mouse study demonstrated the key role of
STATS5 in the maintenance of CD4+CD25+ Treg in the periphery **. These findings are
consistent with other studies attributing the same role to IL-2 in regulating Treg pools *.
Given that STAT3 and STATS5 are critical signal transducing proteins downstream of the
IL-2 receptor, these studies underscore the importance of the IL-2 signaling pathway for
Treg homeostasis. In our series of experiments, we further demonstrate that this essential
signaling pathway targets the Treg lineage specific FOXP3 gene. The significance of this
IL-2/STAT/FOXP3 axis might extend to a broad range of immune responses. In a recent
article, Kortylewski et al. report the enhancement of tumor immunity in a mouse model

following the inducible ablation of STAT3 in hematopoietic cells **. Although the exact
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mechanism behind this observation is uncertain, it is plausible that ablation of STAT3
disrupted Treg pools, resulting in unrestrained tumor immunity. Based on our findings, it
is also possible that IL-2 signaling through STAT proteins may contribute to the lineage
specification of Treg in the thymus as well as in the periphery by triggering de novo
expression of FOXP3. A study published by Watanabe et al. has described arole for IL-2
in the generation of FOXP3+ Treg in the Hassall’ s corpuscles in the thymus **. However,
more recent findings suggest that the role of I1L-2 is restricted to regulating Treg poolsin

the periphery without directly modulating thymic output of these cells ®.

We also investigated the effect of IL-2 in vivo in 21 adult patients treated with daily low
dose IL-2 for advanced solid tumors (N=12) or following T cel depleted allogeneic
HSCT (N=9). IL-2 induced expansion of CD4+CD25+ Treg in peripheral blood was
greater in solid tumor patients than in the HSCT patients and this likely reflected the
longer duration of IL-2 therapy in the solid tumor cohort. Overall, these findings are
consistent with several recently published studies **2. One study by Sereti et al. described
expansion of CD4+CD45R0O-CD25+ T cdlls in HIV patients treated with intermittent
courses of moderate to high doses of IL-2 *°. These cells expressed high levels of FOXP3
in comparison to normal CD4+CD25+ Treg. In another study, Zhang et al. reported the
expansion of CD4+CD25+ Treg in young adult patients with advanced sarcoma
following chemotherapy and low to moderate doses of 1L-2 **. IL-2 induced Treg were
shown to express normal levels of FOXP3. Finally, 2 subsequent studies reported an
increase in CD4+CD25"%" Treg in patients treated with high doses of IL-2 for advanced

renal cell carcinoma or melanoma %2 IL-2 therapy in these patients also induced an
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increase in FOXP3 expression. Taken together, these studies performed in different
patient populations and with different doses and schedules of administration,
convincingly demonstrate a consistent effect of 1L-2 on CD4+CD25+ Treg in vivo. In
comparison to previous reports, our studies demonstrate that very low doses of IL-2 are
sufficient to expand Treg in vivo and that this can be accomplished without any other
therapy or conditions of lymphopenia. Moreover, IL-2 induced modulation of Treg can
be maintained for prolonged periods without substantial toxicity and the effects on Treg
are reversible after 1L-2 treatment is stopped. In these various reports, administration of
recombinant IL-2 appeared to have little effect on the function of Treg in vivo. In 3 of 4
studies, despite higher FOXP3 expression, IL-2 expanded Treg exhibited suppressive
activity comparable to that of healthy donor Treg. Only one study by Sereti et al. reported
that IL-2 induced Treg mediated less suppressive activity than naturally occurring Treg.
Because we had very limited numbers of cells available for analysis, we could not

examine the functional capacity of Treg in our experiments.

Using FOXP3 gene as an additional marker, we confirmed the effects of IL-2 on Treg
cells in vivo. Interestingly, FOXP3 gene expression values increased more that 9-fold
while the frequency of CD4+CD25+ cells increased approximately 2 fold. Although,
increases in CD4+CD25+ cells appeared more pronounced in advanced cancer patients
than in HSCT patients, increases in FOXP3 expression levels were similar for both
patient groups. These in vivo observations are consistent with our in vitro studies, which
demonstrate that 1L-2 signaling can directly induce FOXP3 gene expression within 2-4

hours after IL-2 stimulation and does not require cell proliferation. Similarly, analysis of
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our clinical samples suggest that increased FOXP3 gene expression can be observed
relatively soon after initiation of IL-2 therapy. Thein vivo effects of IL-2 on proliferation
of CD4+CD25+ Treg appear to be independent of the level of FOXP3 expression and the
level of Treg expansion in vivo appears to be dependent on the duration of IL-2 therapy.
Further prospective analysis of patients receiving low dose IL-2 will be needed to better
define the relationships between the duration of IL-2 therapy, the extent of Treg

proliferation in vivo and the functional capacity of these cells.

As reported in earlier studies, prolonged administration of low dose IL-2 results in the
vigorous expansion of CD3-CD56+ NK cells in vivo 3. Although NK cells clearly
respond to IL-2 in vivo, these cells did not express FOXP3 following IL-2 therapy. Since
IL-2 signaling in NK cdllsis also known to activate STAT3 and STAT5 *"* the lack of
FOXP3 induction suggested that this gene is naturally repressed in NK cells. In vitro
treatment with the demethylating agent 5-aza-2’-deoxycytidine restored this signaling
pathway and FOXP3 expression in NK cells upon IL-2 stimulation, demonstrating that

this gene was repressed by a mechanism involving DNA methylation.

Sinceitsfirst characterization as a T-cell growth factor, 1L-2 has been used extensively to
enhance T cell proliferation and T cell function in vitro and in vivo *. More than 15 years
ago, we began a series of clinical trials investigating the effects of therapy with low-dose
IL-2 on tumor immunity in vivo 2% In most patients, daily IL-2 treatment was
continued for a 3 month period and no concomitant chemotherapy or immunotherapy was

administered. Some of these studies were undertaken in patients who had recently
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engrafted with allogeneic hematopoietic stem cells ?*?%. Transplant patients with active
graft versus host disease (GVHD) were excluded but no patients developed GVHD as a
result of low dose IL-2 and overal toxicity was minimal, even in this high-risk
population. After several years, this approach was largely abandoned because, despite
occasional tumor responses, there was little clinical evidence that 1L-2 treatments were
inducing significant tumor immunity. Our current analysis of cryopreserved PBMC
samples obtained from patients on these clinical trials, now suggests that expansion of T
cell effectors that may have been capable of mediating tumor rejection or GVHD did not
occur because of the IL-2 induced expansion of Treg and increased FOXP3 expression in
these regulatory cells in vivo. Similar effects may help explain the inability of
concomitant administration of IL-2 to enhance T cell responses to cancer vaccines that
has been recently reported **3. In fact, some of these clinical trials have demonstrated

reduced effector T cell responses in cohorts that received IL-2 %,

As the ability to specifically identify Treg has improved, many studies have identified
either quantitative or functional defects in these cells as potential contributors to auto-
immune diseases “. In a recent clinical study we showed that poor reconstitution of
CD4+CD25+FOXP3+ Treg following allogeneic HSCT correlates with the development
of chronic GVHD “*. Moreover, recovery of normal levels of Treg was associated with
resolution of clinical manifestations of disease. Results of severa preclinical models
support the ability of Treg to suppress allo-immunity and the pathologic manifestations of
GVHD “*“*. Moreover, previous studies in murine models have shown that IL-2

administered after allogeneic HSCT resulted in the abrogation of GVHD % In a
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xenogeneic model, IL-2 was not able to induce GVHD mediated by human T cells *%,
Taken together these studies suggest that low dose IL-2 therapy may provide a
mechanism for selective expansion of Treg in patients with active GVHD. A similar
therapeutic approach may also be evaluated in autoimmune diseases where deficiencies
in Treg number or functional capacity have been well documented. Since our studies
suggest that this can be accomplished with relatively low doses of 1L-2 that have not been
associated with severe toxicities, this approach may be safely tested in carefully designed

clinical trials.
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Table 1. Dose and duration of IL-2 therapy.

Patient Diagnosis Age IL-2 dose Duration of Post IL-2
(unitsm?day) Ivbﬁir:r&a&y testing
(weeks)
(weeks)

1 Renal cell carcinoma 66 1X10° 9

2 Renal cell carcinoma 42 3-6X10° 10

3 Renal cell carcinoma 53 1-1.5X10° 10

4 Renal cell carcinoma 56 6X10° 11

5 Renal cell carcinoma 58 6X10° 8

6 Lung sarcoma 23 1.5X10° 8

7 Renal cell carcinoma 67 1-1.5X10° 10 19

8 Rectal cancer 42 6X10° 8

9 NSCL carcinoma 31 6X10° 6.5 45
10 Colon cancer 62 6X10° 10

11 Renal cell carcinoma 60 0.6-1.25X10° 9 17
12 Melanoma 41 45-6X10° 10 19
13 CML (chronic phase) 38 2-4X10° 11 19.5
14 CML (chronic phase) 44 4X10° 4 17
15 CML (chronic phase) 44 2-4X10° 4

16 CML (chronic phase) 49 2-4X10° 9 20
17 CML (chronic phase) 41 3-4X10° 5

18 CML (accelerated phase) 24 4X10° 5 38
19 CML (chronic phase) 33 2-4X10° 4

20 CML (chronic phase) 49 2-4X10° 5 17
21 CML (chronic phase) 29 2-4X10° 55 21
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FiguresLegends

Figure 1. Recombinant IL-2 regulates FOXP3 expression in CD4+CD25+ Treg

(A) CD4+CD25- (black) and CD4+CD25+ (light gray) T cells purified from healthy
individuals were cultured for 6h in the presence of recombinant IL-2 with or without anti-
CD3 stimulation. FOXP3 expression was then assessed by quantitative PCR. (B) Purified
CD4+CD25- and CD4+CD25+ cells were cultured for 18h with or without IL-2. Levels
of FOXP3 protein were subsequently assessed by western blotting. Control blotting of o-
tubulin is aso shown in this figure. (C) Purified CD4+CD25- (squares) or CD4+CD25+
(circles) cells were cultured for 6h with varying concentrations of 1L-2 then assessed for

FOXP3 expression by quantitative PCR.

Figure 2. IL-2 signaling targets FOXP3 through STAT3 and STAT5 proteins

(A) The location of the human FOXP3 gene on chromosome X is illustrated in the top
part of the figure. The middle box shows the proximal region of FOXP3 including exons
1 to 4 as obtained from the University of California Santa Cruz genome assembly web
site and corresponds to a segment located between bases 48,870,000 and 48,878,500

(http://genome.ucsc.edu). The degree of inter-species conservation of the DNA within

this segment is represented by peak histograms. The bottom box illustrates a segment of
the first intron of FOXP3 located between bases 48,873,406 and 48,873,819, which
includes 2 consensus STAT binding motifs (in blue). The red sequence identifies
mutations of the 2 STAT binding sites introduced in the luciferase constructs. (B)

Pasmid constructs were generated that contained wild type (WT) FOXP3 intronic
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segment encompassing the 2 STAT motifs upstream of the luciferase cDNA or a mutated
version of this segment with disrupted STAT elements. WT (black histograms) as well as
mutated constructs (light gray histograms) were co-transfected in 293 cells together with
a plasmid containing a constitutively activated form of STAT3, STAT3C or a
constitutively activated form of STATS5, STAT5al*6. Transcriptional activity was

assessed after 24h.

Figure 3. Low-dose administration of IL-2 induces the expansion of Treg in vivo

(A) Percent CD4+CD25+ in blood CD3+ cells were measured by flow cytometry for
each patient in samples collected before and 4-11 weeks after beginning daily I1L-2
therapy. Results are presented as percent change in the frequency of CD4+CD25+ in total
CD3+ T cells between the 2 samples. Patients with solid tumors are shown with light
gray histograms. Patients who received IL-2 after allogeneic T cell depleted HSCT are
shown in black. Flow cytometry values for one patient (number 17) were not available.
(B) FOXP3 expression was assessed by quantitative PCR assays using the same patient
samples as mentioned above. Percent change following IL-2 therapy was calculated using
values obtained from samples before and after treatment. (C) Intra-cellular staining of
patient 9 PBMC collected before and during IL-2 therapy with anti-FOXP3 mab. Cdls

were also stained with anti-CD4 mab. Events were acquired after gating on lymphocytes.

Figure 4. Effect of IL-2 on Treg in vivo istransient

(A) Percent changes in frequencies of CD4+CD25+/CD3+ were calculated using

phenotypic values obtained from samples collected during IL-2 treatment and samples
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collected at later time points, 4-10 months after IL-2 therapy (see Table 1). Patients with
solid tumors are represented with light gray histograms; patients after allogeneic HSCT
are represented with black histograms. (B) FOXP3 expression was assessed in the same
samples collected during IL-2 treatment and after completion of therapy (Table 1).

Percent changes were calculated using values obtained with these 2 sets of samples.

Figure5. Low-dose IL-2 induces the expansion of FOXP3- CD56+ cellsin vivo

(A) Percent change in frequencies of CD56+ cells in total blood lymphocytes were
determined using values obtained by flow cytometry from samples collected before and
during IL-2 treatment. Values for one patient (number 11) were not available. (B) CD4+
T cells and CD3-CD56+ NK cells were purified by cell sorting from 5 patient samples
collected during IL-2 treatment. FOXP3 expression was assessed by quantitative PCR in

both cell subsetsfor the 5 patients.

Figure 6. Treatment with 5-aza-2’'-deoxycytidine allows IL-2 induction of FOXP3
expressionin NK cells.

(A) Human NKL cells were treated with 2 different doses of 5-aza-2'-deoxycytidine for 3
days then incubated with or without IL-2 for 18h. FOXP3 expression was then assessed
by quantitative PCR. (B) Primary CD3-CD56+ NK cells were isolated from the blood of
a healthy donor and treated with 5-aza-2'-deoxycytidine for 3 days at 10uM. Cells were
then incubated with or without IL-2 for an additional 18h before FOXP3 gene expression

was tested by quantitative PCR.
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